Abstract. Human hepatocellular carcinoma (HCC) is a highly invasive tumor with frequent distant metastasis, which is the main cause for the poor prognosis. However, the mechanisms for metastasis remain poorly investigated. MicroRNAs (miRNAs) have been implicated in HCC progression. ) is considered as a tumor suppressor in human cancer. In the present study, miR-122 expression was found to be significantly lower in HCC than the level in normal tumor-adjacent tissues. miR-122 was clearly silenced or downregulated in five HCC cell lines (HepG2, Hep3B, MHCC97H, Huh7 and SMMC-7721) compared with normal hepatocytes (LO2). HCC patients with low expression of miR-122 had a poor 3-year survival. Univariate analysis and multivariate Cox regression analysis indicated that miR-122 is an independent prognostic factor in HCC. Downregulation of miR-122 promoted proliferation and inhibited apoptosis in Hep3B cells. We found that the public miRNA database (TargetScan) predicted that PKM2 may be a target for miR-122, and the 3'-untranslated region (3'-UTR) of PKM2 contains a highly conserved binding site for miR-122. To identify this, pre-miR-122/anti-miR-122 were respectively transfected into the Hep3B cell line. We found that miR-122 overexpression significantly reduced the level of PKM2. Moreover, knockdown of PKM2 significantly increased miR-122 inhibitor-mediated Hep3B cell apoptosis and reduced miR-122 inhibitor-mediated Hep3B cell migration and invasion. Moreover, re-expression of PKM2 partially abrogated miR-122-induced HCC cell growth arrest and apoptosis in vivo. In conclusion, miR-122 serves as a prognostic biomarker and induces apoptosis and growth arrest by downregulating PKM2 in HCC.
Introduction
Human hepatocellular carcinoma (HCC) is a highly invasive tumor with frequent distant metastasis (1) , which is the main cause for its poor prognosis. HCC is one of the most common malignancies and the second leading cause of cancer-related mortality in China (2) . Its incidence has increased in recent years, yet a satisfactory curative effect has not yet been achieved. Therefore, it is important to elucidate the precise molecular mechanisms of HCC development and to develop new therapeutic targets (3) .
Many types of cancer cells require increased glucose uptake, but even in the presence of oxygen, oxidative phosphorylation is decreased (4) . This phenomenon of aerobic glycolysis with increased lactate production has been called the Warburg effect (5) . Pyruvate kinase (PK), which converts phosphoenolpyruvate into pyruvate, is one of the rate-limiting enzymes in the glycolytic pathway (6) . It has four known isoforms, which respectively are M1, M2, L and R. In tumors, expression of PKM2 provides a proliferative advantage in vitro and in vivo (4) . PKM2 not only plays a key role in cancer cell metabolism, yet it is also expressed widely in HCC. No matter whether it is in an active tetrameric form or in an inactive dimeric form, PKM2 directly regulates gene transcription (7) (8) (9) (10) . PKM2 expression is important for cancer cell growth.
MicroRNAs (miRNAs), a large group of evolutionarily conserved non-coding RNAs, negatively regulate genes involved in many fundamental cell processes such as proliferation, development, differentiation, survival and death (11) (12) (13) . Recent studies have shown that miRNAs play important roles in the progression and initiation of cancer (14) . Deregulation of miRNAs has been shown in many types of human cancers including colorectal, lymphoma, breast and lung cancer, glioblastoma and HCC, which suggest it is a hallmark of cancer (15) . Specific miRNAs have been reported to regulate various tumor-suppressor genes or oncogenes or function as tumor-suppressor miRs or oncomiRs by directly targeting other genes involved in cell differentiation, invasion, proliferation, angiogenesis and apoptosis in many types of (16) . miR-122 is considered to be a novel tumor-related miRNA. Previous research has found that miR-122 is significantly dysregulated in HCC tissues (17) (18) (19) . Recently, a mouse model with germline deletion of miR-122a exhibited increased epithelial-mesenchymal transition (EMT) in HCC (20) . miR-122 was considered to be an angiogenesis suppressor, which further suppressed HCC intrahepatic metastasis (20) . Upregulation of miR-122 in HCC cells suppressed the invasion, migration and anchorage-independent growth (21) . The above studies suggest that the genes correlated with the expression of miR-122 have functions related to metabolic processes. Thus, miR-122 plays a tumor-suppressive role. In addition, the status, clinical significance and function of miR-122 in HCC remain poorly understood.
In the present study, the association between miR-122, the PKM2 protein and HCC were investigated. We observed that low miR-122 expression is associated with the aggressive phenotype of HCC which is associated with poor prognosis. Inhibition of miR-122 downregulated HCC cell invasion and migration in vitro. Moreover, miR-122 was negatively related to PKM2 in HCC tissues and it interacted with PKM2 directly in the HCC cells. PKM2 knockdown blocked the effect of miR-122 downregulation on apoptosis, migration and invasion in the Hep3B cells. Moreover, restoration of PKM2 expression partially reversed the anticancer effect of miR-122 in vivo. The present study showed that miR-122 suppressed the invasion of HCC cells and inhibited tumor metastasis by targeting PKM2. Clinical samples and cell lines. Sixty HCC and paired normal tumor-adjacent samples (>1.5 cm distant from the margin of the resection) were obtained and used after obtaining informed consent at the Department of Hepatobiliary Surgery, first Affiliated Hospital of the Medical College of Xi'an Jiaotong University from March 2011 to November 2011. Before operation, all patients including 38 males and 22 females (range, 35-71 years; median 49 years) did not receive any radiofrequency ablation, radiotherapy or chemotherapy. HCC tissues and matched normal tumor-adjacent tissues were collected and immediately stored in liquid nitrogen for western blotting or 4% paraformaldehyde solution for immunohistochemistry (IHC) (22) . The clinicopathological data and demographic features are shown in Table I .
Materials and methods

Statement
The human immortal liver cell line LO2 and five HCC cell lines, SMMC7721, MHCC97H, HepG2, Huh7 and Hep3B, were purchased from the Chinese Academy of Sciences (Shanghai, China), and the Institute of Biochemistry and Cell Biology. All the cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Mediatech, USA) containing 10% fetal bovine serum (fBS; Gibco-BRL, USA) and were cultured in a humidified 5% CO 2 incubator at 37˚C (22, 23) .
IHC. IHC was carried out on paraformaldehyde-fixed paraffin sections. We used the following antibodies for IHC along with a streptavidin peroxidase conjugate (SP-IHC): PKM2 (#3198; Cell Signaling, Beverly, MA, USA) (1:500) and Ki-67 (#9027; Cell Signaling, Danvers, MA, USA) (1:500). IHC was performed as previously described (3, 24) . The percentage of positive tumor cells was graded as per the following criteria: 3, >50%; 2, 31-50%; 1, 10-30%; 0, <10% (25) .
Transfection. miRNA vectors, including pre-miR negative control, pre-miR-122, anti-miR-122 (miR-122 inhibitor) and the negative control for anti-miR-122 were obtained from GeneCopoeia (Guangzhou, China). The overexpression vectors containing wild-type PKM2 (Myc-DDK-tagged) were purchased from OriGene. siRNA PKM2 was obtained from Santa Cruz Biotechnology (sc-62820; Santa Cruz, CA, USA). The mutant 3'-untranslated region (3'-UTR) of PKM2 and the 3'-UTR of PKM2 siRNA were purchased from Sangon Biotech (Shanghai, China). The sequences of the siRNAs and primers used are listed in Table II . We used Lipofectamine 2000 to transfect the cells with the siRNA and vectors according to the manufacturer's instructions (23) (Invitrogen, Carlsbad, CA, USA).
Western blotting. for the immunoblotting assays, we used the following primary antibodies: PKM2 (1:1,000) and actin (#3700; Cell Signaling, Beverly, MA, USA) (1:5,000). Horseradish peroxidase-conjugated goat anti-rabbit or antimouse secondary antibodies (Bio-Rad, Hercules, CA, USA) were used at a 1:5,000 dilution and a Western Blotting Luminol Reagent (sc-2048; Santa Cruz Biotechnology) was used to detect the results as described in our previous studies (4, 25) .
Real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
We used TaqMan human miRNA assay kit and TaqMan miRNA reverse transcription kit (both from Applied Biosystems, foster City, CA, USA) to perform the quantification of the levels of miR-122 and U6. The relative quantitative expression of miR-122 is expressed as a fold difference relative to U6.
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay.
We determined the cell viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay (MTT; Roche Diagnostics, USA) (22) . Cell viability was calculated at 24, 48 and 72 h after transfection. We measured the absorbance of the samples using a Model 550 microplate reader (Bio-Rad Laboratories, USA). Three or more independent repeated experiments were performed.
Luciferase reporter assay. The 3'-UTR sequence of PKM2 was predicted to interact with miR-122. Thus, we synthesized a corresponding mutated sequence within the predicted target sites and inserted it into the pRL-TK control vector (Promega, Madison, WI, USA). Hep3B cells which were transfected with 100 ng anti-miR-122 and negative control or pre-miR-122 were then seeded into a 96-well plate. After 24 h, we cotransfected the cells with 30 ng of the wild-type PKM2 siRNA and mutant 3'-UTR of PKM2 siRNA or the wild-type PKM2 and mutant 3'-UTR of PKM2 using 0.45 µl of fuGENE (Promega). Cells were collected and then measured according to the manufacturer's instructions (Dual-Luciferase Assay System; Promega) after 48 h (25) . As an internal control, pRL-TK expressing Renilla luciferase was cotransfected to correct the differences between both transfection and harvest efficiencies (25) .
Flow cytometry. We analyzed cell apoptosis using the Annexin V-FLUOS staining kit (Roche, USA) after a 48-h transfection (22) . Briefly, the samples were analyzed by BD FACSCanto II flow cytometer (Becton-Dickinson, USA). Three independent repeated experiments were performed.
Wound healing assay. The cells were seeded in 6-well plates forming a cell monolayer. After 12 h, we used a 200-µl sterile plastic tip to create a wound line on the plate surface, and then scoured off the suspension of cells with DMEM. The cells were cultured at 37˚C for 48 h in DMEM in a humidified incubator containing 5% CO 2 (22) , and then a phase-contrast microscope was used to capture images.
Transwell assay. We coated Transwell inserts (Nalge Nunc, Naperville, IL, USA) with Matrigel (BD Biosciences, USA) on the inner layer at 1 mg/ml. forty-eight hours after transfection, HepG2 cells (200 µl) were added into the upper chamber at The mutant 3'-UTR of PKM2 and the 3'-UTR of PKM2 siRNA were purchased from Sangon Biotech (Shanghai, China). 3'-UTR, 3'-untranslated region; NC, negative control.
2.5x10 5 /ml. In addition, 750 µl DMEM which contained 10% FBS was added into the lower chamber. After 24 h, we first fixed the HepG2 cells in 4% paraformaldehyde for 3 min, and then permeabilized them in methanol for 25 min. After the above, we softly removed the cells which were on the inner layer with a cotton swab, and stained the cells on the undersurface of the insert with 0.3% crystal violet dye for 15 min (22) . Phosphatebuffered saline (PBS) was used to wash the filters, and images were captured by a light microscope.
In vivo experiments. We used female BALB/c nude mice (4-to 6-weeks old) (Centre of Laboratory Animals, Zhejiang Provincial People's Hospital, Hangzhou, China) to establish a nude mouse xenograft model. Mice (2 animals/cage) were housed in a sterilized cage at a constant humidity and temperature and we fed the mice on a regular autoclaved chow diet with water ad libitum (25) . As described at the American Type Culture Collection (ATCC), HepG2 is not a tumorigenic cell line. We inoculated 4-5x10 6 Hep3B cells subcutaneously into the flank of each nude mouse. The tumor volume was determined by measuring two of its dimensions and was calculated as tumor volume = length x width x width/2 (25) . After 3 weeks, we used a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay kit (4810-30-K; R&D Systems, Minneapolis, MN, USA) to detect the amount of apoptosis in the tumor tissues according to the manufacturer's guidelines (25) . furthermore, all animal protocols were approved by the Institutional Animal Care and Use Committee of Zhejiang Provincial People's Hospital, Zhejiang.
Statistical analysis. All data are presented as the mean ± SEM. SPSS (SPSS, Inc., Chicago, IL, USA) was used for the multivariant Cox regression analysis and the Pearson's Chi-square tests. GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, CA, USA) was used to evaluate statistical significance. P<0.05 was considered to indicate a statistically significant result.
Results
miR-122 is frequently downregulated in HCC tissues and is correlated with patient prognosis.
To determine the expression of miR-122 in the HCC tissues, we evaluated miR-122 mRNA in 60 paired HCC and para-cancerous tissues using qPCR. Notably, miR-122 was downregulated in 85% (51/60) of the examined HCC tissues (fig. 1A) . Next, we analyzed the levels of miR-122 in several HCC cell lines, including HepG2, Huh7, Hep3B, SMMC7721 and MHCC97H, and the normal human liver cell line LO2. Consistent with the above results, qPCR analysis revealed a similar decrease in fig. 1B) .
Then, we aimed to ascertain whether miR-122 inhibition is related to HCC clinical features or prognosis. A relationship between decreased miR-122 expression and intrahepatic metastasis, advanced tumor-node-metastasis (TNM) stage and high Edmonson's pathological classification was observed (Table I) . furthermore, a low miR-122 level was associated with reduced overall survival (OS) time (P=0.0258) as determined by the Kaplan-Meier method ( fig. 2) . We further performed Cox proportional hazards regression analysis to exclude the confounder effect.
first, we used univariate analysis to identify factors that affected the 3-year OS time. Then, multivariate analysis was used to control potential confounders (Table III) . Using Kaplan-Meier analysis, we found that the patients with negative miR-122 expression had poor OS prognosis (P=0.040) (Table III) . We next evaluated the levels of miR-122 in HCC tissues with or without metastasis. The level of miR-122 in the HCC tissues of patients with metastasis was lower than that in the tissues of patients without metastasis ( fig. 1C ), suggesting that a low miR-122 expression level is related to metastasis in patients with HCC. This result indicates that the loss of miR-122 contributes to metastasis of HCC. Collectively, these data revealed that miR-122 inhibition promotes the development of HCC.
PKM2 has a negative correlation with miR-122 expression.
We further analyzed the association between the miR-122 level, and PKM2 expression in human HCC tissues. Samples from 60 HCC cases, in which miR-122 levels had been previously determined, were immunohistochemically analyzed for PKM2 expression ( fig. 3A) . We confirmed a negative relationship between the expression of miR-122 and PKM2 in the HCC tissues, indicating that miR-122 downregulation was significantly associated with high PKM2 levels (r= 0.49, P=0.006, fig. 3B ).
miR-122 directly regulates PKM2 expression in Hep3B cells.
We found that the public miRNA database (TargetScan) predicted that PKM2 may be a target for miR-122, and the 3'-UTR of PKM2 contains a highly conserved binding site for miR-122 ( fig. 4A ). To determine whether miR-122 targets PKM2 in HCC, we transfected the pre-miR-122 and anti-miR-122 into Hep3B cells. The overexpression of miR-122 significantly downregulated PKM2 protein expression. Furthermore, the knockdown of endogenous miR-122 recovered the PKM2 protein expression (fig. 4B ). Moreover, this prediction was validated using dual-luciferase reporter gene assays in Hep3B cells. Cotransfection of miR-122 significantly suppressed the activity of a luciferase reporter containing the wild-type 3'-UTR of PKM2 but not that of the mutant reporter ( fig. 4C ). In addition, inhibition of endogenous miR-122 by anti-miR-122 led to increased luciferase activity of the wild-type reporter but not the mutant reporter ( fig. 4D) . Together, these data suggest that miR-122 negatively regulates the expression of PKM2 by directly targeting its 3'-UTR.
miR-122 inhibits cell proliferation and induces apoptosis by targeting PKM2 in Hep3B.
We transfected specific anti-miR-122 to knockdown miR-122 in Hep3B cells and conducted a cell apoptosis analysis using flow cytometry and MTT assay. The results revealed that transfection of anti-miR-122 decreased Hep3B cell apoptosis ( fig. 5A ). In order to confirm the requirement of PKM2 in anti-miR-122-inhibited cell apoptosis, we cotransfected anti-miR-122 along with a functional siRNA targeting PKM2, which repressed endogenous PKM2 levels ( fig. 5B ). Under these conditions, we observed a significant increase in anti-miR-122-inhibited cell apoptosis (P<0.05), which is in accordance with PKM2 induction being critical for this effect ( fig. 5C and D) . Collectively, our results revealed that downregulation of miR-122 increased PKM2 expression, thereby promoting HCC progression.
miR-122 suppresses cell migration and invasion by targeting PKM2 in Hep3B.
Mechanical scrape wound healing and Transwell models were used to determine whether miR-122 suppresses HCC cell migration and invasion. We suppressed the expression level of miR-122 in Hep3B cells. qRT-PCR
showed that the expression of miR-122 was downregulated by anti-miR-122 (P<0.05, fig. 6A ).
In the wound healing assay, the anti-miR-122 group showed a larger relative residual area than the control group for the Hep3B cells. The group co-transfected with anti-miR-122 along with a functional siRNA targeting PKM2 was larger than that of the anti-miR-122 group (P<0.05, fig. 6B and C) . Additionally, the number of invaded Hep3B cells in the anti-miR-122 group was significantly more than the control group (P<0.05, fig. 7 ). These effects were recovered by co-transfecting anti-miR-122 along with siRNA PKM2 (P<0.05, figs. 6B and C, and 7). Together these data suggest that miR-122 inhibits tumor metastasis in HCC by targeting PKM2.
miR-122 inhibits tumor growth by targeting PKM2 in mice.
Using an Hep3B subcutaneous tumor model, we aimed to ascertain whether miR-122 affects tumor growth. Mice were treated with miR-122+PKM2, miR-122 or miR-control by multicenter intratumoral injection. Tumor growth curves revealed that restoration of PKM2 expression partially restored tumor growth. for the miR-122-overexpressing Hep3B cells, tumor growth curves of the tumor models revealed that miR-122 slowed down tumor growth in mice, and re-expression of PKM2 partially restored tumor growth (P<0.05, fig. 8A ). furthermore, we performed TUNEL assays and IHC for Ki-67 in the xenografted tissues. As expected, miR-122 overexpression induced apoptosis and inhibited proliferation in vivo. PKM2 not only partially abolished the inhibitory effect of miR-122 on HCC growth; yet also reduced cell apoptosis significantly and increased the number of cells staining positive for Ki-67, which was in accordance with our in vitro observations (P<0.05, respectively, fig. 8B ).
Taken together, these data indicate that PKM2 functions as a downstream factor in miR-122-induced apoptosis and growth arrest in HCC.
Discussion
Hepatocellular carcinoma (HCC) is rarely diagnosed in the early stage, since when symptoms emerge, the patient is often already in an advanced stage (26) . Recently, certain HCC-associated oncogenes have been found to be associated with the prognosis of HCC (22, 27, 28 ). Yet, the exact molecular mechanism of HCC progression remains unclear.
PKM2 is a critical enzyme that controls the rate-limiting step of glycolysis and plays a key role in the metabolism of cancer progression. It has been demonstrated that, in glioma cells, PKM2 knockdown induced cell apoptosis and inhibited cell growth, metabolic activity, cellular invasion, and glutathione and ATP levels (4, 29) . Knockdown of PKM2 in lung tumors promoted cancer cell apoptosis and inhibited tumor growth in vivo and in vitro (4, 30) . All of these findings suggest an important role of PKM2 in tumorigenesis.
It has been established that miRNAs regulate hepatocarcinogenesis-related gene expression, indicating a new molecular mechainism of HCC initiation and progression (23, (31) (32) (33) (34) . Recently, miR-122 was identified as a robust biomarker of HCC with high positive predictive value (35) . miR-122 plays a key role in the maintenance of normal physiological metabolism in the liver. Low expression of miR-122 is frequently implicated in hepatocarcinogenesis and tumor metastasis (18) (19) (20) . Studies have found that miR-122 targets pyruvate kinase M2 and affects the metabolism of HCC (20) . While, to date, there are no studies on miR-122 in the regulation of cell apoptosis, migration and invasion by targeting PKM2 in HCC.
first, the expression levels of miR-122 in 60 pairs of HCC tissues and adjacent non-tumor tissues were detected. Quantification of the data showed that miR-122 expression in the tumor tissues was significantly lower than that in the nontumor tissues. Next, we analyzed the levels of miR-122 in five HCC cell lines. qPCR analysis indicated a similar decrease in miR-122 in multiple HCC cell lines when compared with that in LO2 cells. Our results showed that miR-122 downregulation was associated with HCC patient clinical features and prognosis. An association between decreased miR-122 expression and intrahepatic metastasis, advanced tumor-node-metastasis (TNM) stage and high Edmonson pathological classification was observed. A low miR-122 level was associated with reduced overall survival (OS). These data suggest that the development of HCC could be inhibited by deregulation of miR-122.
The public miRNA database (TargetScan) predicted that PKM2 may be one of the targets of miR-122, and 3'-UTR of PKM2 contains a highly conserved binding site for miR-122. Thus, we analyzed the association between the miR-122 level and PKM2 expression in HCC. First, we confirmed a negative relationship between the expression of miR-122 and PKM2 in HCC tissues, indicating that miR-122 downregulation is significantly associated with a high PKM2 level. Then we transfected the pre-miR-122 and anti-miR-122 into Hep3B cells. The data indicated that downregulation of miR-122 inhibited Hep3B cell apoptosis, yet induced cell migration and invasion. Moreover, the overexpression of miR-122 significantly downregulated PKM2 protein expression and the knockdown of endogenous miR-122 recovered the PKM2 protein expression. In addition, RNA silencing of PKM2 significantly increased miR-122 inhibitor-mediated Hep3B cell apoptosis and reduced miR-122 inhibitor-mediated Hep3B cell migration and invasion.
furthermore, immunostaining of Ki-67 and TUNEL assays indicated that miR-122 suppressed tumor growth by inducing apoptosis and growth arrest in vivo. PKM2 partially abolished the inhibitory effect of miR-122 on HCC growth.
from the above findings, we found that miR-122 was downregulated in HCC tissues, particularly in aggressive tumor tissues. There is a correlative relationship between low expression of miR-122 and poor prognostic features in HCC. Moreover, miR-122 interacts with PKM2 in HCC. We demonstrated that downregulation of miR-122 inhibited cell apoptosis and promoted migration by restoring PKM2 expression in vitro and in vivo. Taken together, miR-122 may play an anti-onco-miRNA role in HCC. It may also be a potential therapeutic target of HCC.
In conclusion, miR-122 has a low expression in HCC tissues, and its downregulation in HCC is associated with poor clinicopathological features. furthermore, we demonstrated that negative expression of miR-122 is related with a reduced 3-year OS time of HCC patients after surgery. Univariate and multivariate Cox repression analyses indicated that low-miR-122 is a risk factor for predicting a poor prognosis of HCC patients after hepatectomy. In vitro, we proved that downregulation of miR-122 inhibited cell proliferation, migration and invasion, and induced apoptosis in Hep3B cells. A negative correlation between miR-122 and PKM2 expression was observed in the HCC tissues. Intriguingly, downregulation of miR-122 upregulated PKM2 expression and upregulation of miR-122 decreased PKM2 expression. PKM2 was identified as a direct target of miR-122 in HCC. PKM2 knockdown can abolish the effect of miR-122 downregulation on the metastasis in HCC. Moreover, the inhibitory effect of miR-122 on HCC growth was partially abolished by PKM2, which suggests that miR-122 functions as an anti-oncogene by downregulating PKM2. The present study demonstrated that miR-122 plays an important role in the invasion and metastasis of HCC by targeting PKM2.
